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Abstract |

The position of the architect when designing is to arbitrate which information
LVUHOHYDQWDQGZKLFKLVQRWDQGWRGRVRDFURVVDEURDGVSHFWUXPRIÀHOGV
Considering this, Christopher Alexander claimed as long ago as 1964, that
´GHVLJQSUREOHPVDUHUHDFKLQJLQVROXEOHOHYHOVRIFRPSOH[LW\µ 7KLVWKHVLV
focuses on informal settlement growth and how architects can investigate
JURZWKDVDSDUWRIPDVWHUSODQQLQJQHZKRXVLQJ'UDZLQJRQFDVHVWXGLHV
of settlements, video game logics, and existing architectural tools, a tool
ZDVGHYHORSHGWRVWXG\WKHJURZWKRIVHWWOHPHQWV7KLVWRROLVEDVHGRQ
cellular automata, a spatial and algorithmic method of computer modeling
EDVHGRQVSHFLÀFUXOHV7KHUXOHVWKHPVHOYHVKDYHEHHQGHYHORSHGWR
model settlement growth from both single house and neighborhood
OHYHODVDFFXUDWHO\DVSRVVLEOH7KHÀQDOUHVXOWLVDYLVXDOUHSUHVHQWDWLRQRI
K\SRWKHWLFDODGGLWLRQVWRKRPHVRYHUDSHULRGRIWLPH7KHLQIRUPDWLRQ
produced can be used by architects to more holistically understand planning
HHFWVRQVHWWOHPHQWJURZWKDQGWKHQWRSODQVHWWOHPHQWVZLWKWKDWLQIRUPDO
JURZWKLQPLQG>@
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Overview |

As technical innovation occurs,
DQGWKHHHFWVLWPLJKWKDYHRQVSDWLDO
WKHIRFXVRIWKRVHGHYHORSLQJWKRVHÀHOGV SODQQLQJ
EHFRPHVLQFUHDVLQJO\VSHFLÀFDOORZLQJ
The process for investigating
for increased productivity and rapid
this type of informal growth begins with
DGYDQFHPHQW+RZHYHURQHFKDOOHQJH
determining how to translate conditions
faced by architects in respect to this
LQWRPRUHDEVWUDFWVLPXODWLRQPRGHOV
phenomena, is that in the design process, While investigating this topic, several
there are countless areas of expertise
potential simulation methods were
ZKLFKPLJKWKDYHHHFWVRQDSDUWLFXODU
studied, including cellular automata, shape
SURMHFW7KHUROHRIWKHDUFKLWHFWLVSDUWO\WR grammars, genetic algorithms, agent
choose which information is relevant and EDVHGV\VWHPVDQGVHOIRUJDQL]HGPDSV
which is not, and to do so across a broad The applicability of each to simulating
VSHFWUXPRIÀHOGV7KHUHLVQRZD\IRUDQ informal settlements was not the same,
LQGLYLGXDOWREHDQH[SHUWLQDOOÀHOGVZKLFK and cellular automata was the option
DUHUHOHYDQW&RQVLGHULQJWKLV&KULVWRSKHU FKRVHQ&HOOXODUDXWRPDWD &$ PRGHOLQJ
Alexander claimed as long ago as 1964,
LVEDVHGRQDJULGRIFHOOV W\SLFDOO\EXW
that “design problems are reaching
QRWQHFHVVDULO\VTXDUH ZKLFKFDQKDYH
LQVROXEOHOHYHOVRIFRPSOH[LW\µ6RSHUKDSV GLHUHQWVWDWHVDSSHDUDQFHV7KHVWDWH
ZKDWGHVLJQHUVQHHGDUHVSHFLÀFWRROV
of the cell in a grid is determined based
at their disposal by which to approach
on rule sets which take into account
GHVLJQSUREOHPV7RROVZKLFKDLGLQWKH
the neighboring cells to determine the
organization, legibility and accessibility of VHOHFWHGFHOOVWDWH7KHUHDUHRQHWZRDQG
LQIRUPDWLRQ
three dimensional cellular automata, and
Research into various informal
in each the number of neighboring cells
settlements uncovered intriguing instances LVGLHUHQWWZRQHLJKERUVLQ'HLJKW
where government housing and other
QHLJKERUVLQ'DQGWZHQW\VL[QHLJKERUV
master-planned projects acted as platforms LQ')RUWKLVVLPXODWLRQ'&$·VDUH
IRURFFXSDQWGULYHQJURZWK,QRQH
XVHGDQGUXOHVHWVDUHVSHFLÀFPHDQLQJ
SDUWLFXODUFDVH&LGDGHGH'HXVLQ5LRGH positions of neighbors are described and
Janiero, a suburban plan for 10,000 people SURGXFHDVSHFLÀFGHVFULEHGVWDWHFKDQJH
GHQVLÀHGLQWRDQXUEDQDUHDIRU

,QRUGHUWRXVH&$·VWRPRGHO
And at the same time, the neighborhood informal growth, Professor Brian Lonsway
transitioned from one of the most
worked to develop a Processing script
dangerous and ostracised neighborhoods ZKLFKFRXOGLQSXWVSHFLÀFUXOHVHWVIRUD
into a growing lower-middle class
'&$+LVNQRZOHGJHRISURJUDPPLQJ
FRPPXQLW\7KHDUFKLWHFWXUDOIRUPDOLVPRI allowed for what would have been time
the initial masterplan hybridized with the
intensive and unrelated to the actual
informal additions begs led to investigation investigation, to be worked through
of an architectural tool for designers to
UDSLGO\DQGDWDKLJKHUOHYHO8VLQJWKLV
EHJLQDQDO\]LQJWKHVHFRQGLWLRQV6WDUWLQJ program, the objective became to create
from an existing building plan, or a new
rules and criteria for the script to build
master planning scheme, this thesis
informal settlements as accurately as
explores how informal growth can occur
SRVVLEOH6RWKHÀUVWVWHSZDVWRWDNH
4

Overview

H[LVWLQJEXLOGLQJVIURP&LGDGHGH'HXV
and translate them into images legible by
WKH&$(DFKEORFNEHFRPHVDSL[HOLQD
E\SL[HOLPDJH
The challenge becomes to write
a set of rules which govern the state of
each cell so that when the CA is run, the
house model grows to have additional
VSDFHGDGGHGRQLQFUHPHQWDOO\7RFRQWURO
the growth of each wall, multiple rules are
QHHGHG2QFHZDOOVKDYHEHHQSURGXFHG
which form room-like spaces, the program
that they serve must be denoted based
RQDSHUFHQWDJHOLNHOLKRRG7KHQWKHÀQDO
step is to change each wall so that the
PDWHULDOGHOHJDWHGUHÁHFWVDVDFFXUDWHO\DV
possible the existing conditions of informal
JURZWK7RDWWHPSWWKLVWKHUXOHVHWV
are incrementally developed based on
VSHFLÀFK\SRWKHVHVSXUVXHG$VPHWKRGV
are discovered and improved upon the
hypothesis changes to accommodate
WKHVHDVZHOODVSRVWXODWHIXUWKHUJRDOV
The result of this process is a
two dimensional image in which a basic
house model has grown to encompass
JHQHUDWLRQVRILQIRUPDOJURZWK7KHÀQDO
output is an image which denotes the two
dimensional plan form, the program for
each space created as well as the material
ZKLFKLVXVHGWRHQFORVHWKDWVSDFH7KH
percentage parameters controlling the
SURFHVVFDQEHFKDQJHGWRÀWGLHULQJ
settlement conditions, allowing for the CA
WRWDNHRQDUROHDVDÁH[LEOHGHVLJQWRRO
This process of importing an image to
the CA becomes more accurate with both
LWHUDWLRQDQGXVHUGLVFUHWLRQ%HFDXVHWKH
output is based on percentage likelihood
and is essentially random, the image
SURGXFHGPD\RUPD\QRWUHÁHFWDFFXUDWH
EXLOGLQJFRQGLWLRQV,WPD\EHXSWRWKH
architect or designer to sift through the

outcomes produced and determine if
WKHUHVXOWUHÁHFWVWKHVHWWOHPHQWW\SRORJ\
EHLQJVWXGLHG
Examining results of a tool run
over many iterations, modeling the
aggregation of materials and volumes in
an informal settlement as accurately as
possible, architects will be able to better
understand potential growth patterns in
WKHVHVHWWOHPHQWV'UDZLQJIURPGDWD
and statistics on materials available and
building typologies, an existing base
model of a settlement can be used as a
framework on which to begin modeling
SRWHQWLDOJURZWKSDWWHUQV7KHSURJUDP
can generate permutations of massing or
material usage in a two dimensional way
throughout a settlement from which an
DUFKLWHFWFDQH[WUDSRODWH7KHRXWSXWRI
such a tool would be a set of visual data
which helps to postulate what forms might
be generated by occupants over time
JLYHQVSHFLÀFXVHUGHÀQHGFRQGLWLRQV
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Case Studies | Informal Settlements

The three settlements which were studied
E\WKLVSURMHFWZHUH&LGDGHGH'HXVLQ
Rio de Janeiro, Brazil, Kowloon Walled City
LQ+RQJ.RQJ&KLQDDQG7RUUH'DYLGLQ
&DUDFDV9HQH]XHOD(DFKRIWKHVHWKUHH
settlements have formal spatial constraints
or origins which is in part why they were
VHOHFWHG7KHH[SDQVLRQRIHDFKVHWWOHPHQW
has been documented closely by architects
in all three cases, thus providing a strong
framework of research from which to draw
IURP

 7RS WR %RWWRP >2OLYHLUD GH /LPD .DXDQ &KLOGUHQ 3OD\LQJ )XWERO3KRWRJUDSK3KRWRJUDSKLQJ)RRWEDOOLQWKH&LW\RI*RG0D\
 $FFHVVHG 2FWREHU   KWWSZZZDXVWUDOLDQSKRWRJUDSK\FRPQHZV SKRWRJUDSKLQJIRRWEDOOLQWKHFLW\RIJRG@
>*LUDUG *UHJ .RZORRQ 3KRWRJUDSK 7HFK ,QVLGHU $XJXVW 
 $FFHVVHG 6HSWHPEHU   KWWSZZZWHFKLQVLGHULR
WKHVXUUHDOPDQLDRIFKLQDVNRZORRQZDOOHGFLW\@>%DDQ
,ZDQ7RUUH'DYLG*UDQ+RUL]RQWH3KRWRJUDSKGH]HHQ-XO\
$FFHVVHG2FWREHUKWWSZZZGH]HHQFRP
WRUUHGDYLGPDVVHYLFWLRQXUEDQWKLQNWDQNUHVSRQVH@
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&LGDGHGH'HXV

&LGDGHGH'HXVZDVFUHDWHGLQDQHRUWWR
PRYHSHRSOHIURPXUEDQIDYHOD·VDURXQG
5LRGH-DQHLURLQWRDPRUHVXEXUEDQUXUDO
VHWWLQJRXWVLGHWKHFLW\,WVLQWHQWLRQZDV
to provide adequate housing, but at the
same time it moved urban poor out of
WKHFLW\·VPRUHYDOXDEOHUHDOHVWDWH7KLV
suburbanization distanced the occupants
from jobs in the city and the new and
LVRODWHGFRPPXQLW\ZDVQRWGHQVH7KH
suburban planning methods allowed for
UHVLGHQWVWRVORZO\LQÀOOWKHEORFNVXQWLOLW
achieved a density similar to that of urban
5LRGH-DQHLUR>@
7KHFLW\WRGD\KDVÀOOHGLQ7KLVGLDJUDP
shows the full extent of the Cidade de
'HXVWRGD\ZLWKWKHVROLG\HOORZOLQH7KH
suburban housing units which consisted
RIWZREHGURRPVDNLWFKHQGLQLQJURRP
and bathroom have been deconstructed
DQGHQYHORSHGE\WKHH[SDQVLRQ7KH
city today has turned from a poor and
dangerous settlement to a new place
IRUWKHJURZLQJ%UD]LOLDQPLGGOHFODVV
The city was the target of a strong police
crackdown on crime in the early 2000s and
KDVVLQFHERXQFHGEDFN$ORFDOFXUUHQF\
FDOOHG&''KDVEHHQFUHDWHGZKLFK
promotes local business and is currently
valued at 20% higher than the national
%UD]LOLDQ5HDO,Q\HDUVRIJURZWKDZKDW
was essentially a government initiative
to displace poorer people has become a
WKULYLQJFRPPXQLW\>@
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7RS /HIW $QJHOLO 0DUF DQG 5DLQHU +HKO HGV &LGDGH GH 'HXV
:RUNLQJ ZLWK ,QIRUPDOL]HG 0DVV +RXVLQJ LQ %UD]LO %HUOLQ *HUPDQ\5XE\3UHVV
%RWWRP/HIW0DUWLQV,VQDUG$IRWRHPIRFR3KRWRJUDSK2&RORULGRGDV&ROLQDVGR5LR$FFHVVHG2FWREHUKWWS
ZZZFLW\QHWFRPEUULR&ROLQDIKWP
$OORWKHULPDJHVSURGXFHGE\DXWKRU

&LGDGHGH'HXV

Rio de Janeiro

suburban style housing blocks
high-rise housing blocks

9

&LGDGHGH'HXV

The city is composed to two original
planning schemes, suburban and vertical
PDVVKRXVLQJ2YHUWLPHERWKKRXVLQJ
typologies were informally expanded on
WRDFFRPPRGDWHWKHUHVLGHQWVQHHGV
The suburban typology grew denser
with added structures to buildings and
eventually the removal of the single family
houses almost entirely, in favor of multiple
VWRU\UHVLGHQFHV2WKHUVSDFHVEHFDPH
VWRUHVDQGRWKHUSURJUDPV7KHKLJKULVH
housing was acted upon in similar ways to
create space for stores, garages and other
SURJUDPV7KHVHDGGLWLRQVKHOSHGWRÀOOLQ
WKHRSHQVSDFHVEHWZHHQKLJKULVHV2SHQ
blocks planned into the suburban side of
the settlement remained free of structures
DQGDUHVWLOOPDLQJDWKHULQJVSDFHV>@
The suburban style houses were much
easier to informally build on than the tower
KRXVLQJ7KHFRQVWUXFWLRQDQGSODQQLQJRI
the towers was such that it was often too
GLFXOWWRDGGRQ
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$OOLPDJHVIURP$QJHOLO0DUFDQG5DLQHU+HKOHGV&LGDGHGH
'HXV:RUNLQJZLWK,QIRUPDOL]HG0DVV+RXVLQJLQ%UD]LO%HUOLQ
*HUPDQ\5XE\3UHVV
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&LGDGHGH'HXV

In the book Cidade de Deus; working with
informalized mass housing in Brazil, the
authors diagram the expansion of the
both suburb and high rise housing over
WLPH7KHDGGLWLRQRIDGKRFNSLHFHVZHUH
added over many years and predominantly
at the discretion of the individuals
FRQVWUXFWLQJWKHP7KHLQIRUPDOLW\VWHPV
from the poverty of the community, the
nature of construction is a product of the
UHVRXUFHVDYDLODEOH(DFKDGGLWLRQKDV
GLHUHQWLPSOLFDWLRQVIRUWKHFRPPXQLW\
walls serve to protect but separate
individual parcels of land, while porches
DQGDZQLQJVFDQSURYLGHLQYLWLQJVSDFHV
The city is a product of formal master
SODQLQJDVZHOODVLQIRUPDOGHYHORSPHQW
The informal construction is essentially
occupants of the city investing in their
community in a way because it was one
RIWKHRQO\ZD\VUHDOHVWDWHZDVDGGHG
This city is a case where a fairly depressed
government development was converted
into much more valuable space as a result
of informal construction and community
EXLOGLQJ>@>@

12

$OOLPDJHVIURP$QJHOLO0DUFDQG5DLQHU+HKOHGV&LGDGHGH
'HXV:RUNLQJZLWK,QIRUPDOL]HG0DVV+RXVLQJLQ%UD]LO%HUOLQ
*HUPDQ\5XE\3UHVV
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Kowloon Walled City

Kowloon Walled City began as a Chinese
fort which was constructed between 960
DQG%&(,QWKH%ULWLVKRFFXS\
+RQJ.RQJDQGE\MXULVGLFWLRQ
RYHUWKHIRUWDQGWKHVPDOO´FLW\µLWQRZ
surrounds is being debated between the
&KLQHVHDQG%ULWLVK7KH%ULWLVKÀQDOO\VHL]H
the city, but due to the fact its surrounded
E\VOXPVQRHRUWLVPDGHWRPDLQWDLQ
WKHFLW\7KHZDOOVVXUURXQGLQJWKHFLW\
are demolished in 1940 by the Japanese
RFFXS\LQJ+RQJ.RQJDQGIURPWKHQRQ
the city becomes a haven for people who
are escaping rural life for more successful
SURVSHFWVLQWKHFLW\'XHWRLWVORFDWLRQ
and confusion surrounding government
control, it becomes a haven for poorer
people and even lower middle class who
constructed business operations within the
FLW\,WDOVREHFDPHKRPHWRGUXJXVHUV
criminals and other more darker aspects
RIVRFLHW\2QDEDVLFOHYHOLWJUHZIURP
a need based desire for more housing
space, coupled with a complete lack of
JRYHUQPHQWDORYHUVLJKWRUUHJXODWLRQ
'HYHORSHUVVDZDQRSSRUWXQLW\IRUSURÀWV
unsupervised construction, and built high
rises from 1973 onward, increasing the
density of the city until it was the highest in
WKHZRUOG>@
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/HIWVLGH*LUDUG*UHJDQG,DQ/DPERW&LW\RIGDUNQHVVOLIH
LQ.RZORRQ:DOOHG&LW\>&KLGGLQJIROG@:DWHUPDUN
$OORWKHULPDJHVE\DXWKRU

1847

1965

1940

1973

1989
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Kowloon Walled City

The city started with around 2000
occupants in 1940, grew to 10,000 by 1973
and topped out at around 50,000 by 1990
ZKHQLWZDVWRUQGRZQ7KHPDMRULW\RI
the city was made up of housing for the
residents of the city, but it also contained
numerous businesses, factories, food
SURFHVVLQJIDFLOLWLHVDQGHYHQDWHPSOH
The city was also home to many more
unlawful programs such as gambling
facilities, prostitution houses, and drug
GHQV7KHLOOXVWUDWHGVHFWLRQEHORZVKRZV
the density of the city as well as some of
WKHDFWLYLWLHVJRLQJRQLQVLGHWKHEORFN
The city also became a place for people in
+RQJ.RQJWREX\JRRGVDWFKHDSHUUDWHV
WKDQWKH\FRXOGGRZQWRZQ%\WKHHQGRI
its existence, it was providing a valuable
market for goods within the city as well
DVKRPHVIRUSHRSOH+RZHYHU
the sanitation within the settlement was
very poor, over the years the Chinese
JRYHUQPHQWKDGPDGHHRUWVWREULQJ
in clean water and electricity, but largely
XQVXFFHVVIXOO\>@
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$OOLPDJHVIURP*LUDUG*UHJDQG,DQ/DPERW&LW\RIGDUNQHVVOLIHLQ.RZORRQ:DOOHG&LW\>&KLGGLQJIROG@:DWHUPDUN
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Kowloon Walled City

These are diagrams from the book City
RI'DUNQHVVDQGWKH\KHOSWRLOOXVWUDWHWKH
VSDWLDODVSHFWVRI.RZORRQZDOOHGFLW\7KH
diagrams on the left show how the scale
of the buildings changed over the course
RIWKHFLW\·VGHYHORSPHQW7KHFLW\EHJDQ
DVVPDOOHUVLQJOHRUGRXEOHVWRU\KRPHV
2YHUWLPHDVGHYHORSHUVIURP+RQJ.RQJ
saw the city as a building opportunity,
taller tower housing of up to 14 stories
ZDVFRQVWUXFWHG7KHLQLWLDOVPDOOSDUFHOV
of land were consolidated into larger and
WDOOHUEXLOGLQJV>@
$VWKHFLW\ÀOOHGLQDQGEHFDPHDGHQVH
block, streets became increasingly
FRPSDFW7KH\FDUYHGWKURXJKWKHEORFN
and had numerous alcoves for businesses
opening up onto the corridors and small
SXEOLFVSDFHV7KHUHLVDFKDRWLFPD]H
like quality to the circulation, but due to
the consolidation of parcels the circulation
EHFDPHVRPHZKDWPRUHVWUDLJKWIRUZDUG
>@
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$OOLPDJHVIURP*LUDUG*UHJDQG,DQ/DPERW&LW\RIGDUNQHVVOLIHLQ.RZORRQ:DOOHG&LW\>&KLGGLQJIROG@:DWHUPDUN
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Kowloon Walled City

,QWKHERRN&LW\RI'DUNQHVV,DQ/DPERW
categorizes apartments relationships with
FLUFXODWLRQLQWRYDULRXVW\SRORJLHV7KHVH
diagrams are self made reproductions of
his typological analysis, and serve to show
WKHGLHUHQWIRUPDOLQWHUSUHWDWLRQVIRU
HDFKW\SRORJ\8QGHUVWDQGLQJWKHZD\V
in which the high-rise towers shift form
around staircases and access points is
crucial to understanding how the city was
VSDWLDOO\FRQFHLYHG%XLOGLQJVVRPHWLPHV
had public staircases which went through
SULYDWHDSDUWPHQWV$QGIUHTXHQWO\
buildings would borrow staircases from the
neighboring building and simply punch
through the wall of the stairwell in places
WRSURYLGHDFFHVVWRWKHLURZQFRUULGRUV
This was highly unsafe and challenging
to navigate, but residents frequently took
staircases directly to the roof and used that
as a means of lateral circulation to get to
WKHLURZQDSDUWPHQW>@

20

$OOLPDJHVE\DXWKRU

21

7RUUH'DYLG

The tower began as a development project
WKDWUDQLQWRÀQDQFLQJLVVXHVZKHQWKH
owner died and the recession hit, and so
ZDVDEDQGRQHGLQ7KHJRYHUQPHQW
absorbed the bankrupt company which
KDGEHJXQWKHSURMHFW7KHSURSHUW\
was guarded for years, but many of the
valuable materials on the site were taken
E\WKLHYHVDQGVFDYHQJHUVRYHUWKH\HDUV
,QWKHUHZDVDÁRRGLQ&DUDFDV
DQGVRPHRIWKHSHRSOHLQDHFWHGDUHDV
VRXJKWVKHOWHULQWKHWRZHU7KHJXDUGVOHW
the people shelter in the tower, after which
the new occupants decided to see how
ORQJWKH\FRXOGPDNHLWODVW$IWHUPRQWKV
and then years of being left alone in the
building, residents began to make their
KRPHVPRUHSHUPDQHQW>@
1HZUHVLGHQWVFRQYHUWHGWKHRFH
WRZHUÁRRUVLQWRYDULRXVFRQÀJXUDWLRQV
RIDSDUWPHQWDQGUHWDLOVSDFHV7KH
tower provided a relatively safe and
environmentally protected area for people
WROLYH$VSHRSOHPRYHGLQWRWKHEXLOGLQJ
and constructed residences, others moved
LQDQGFRQVWUXFWHGVWRUHV7KHWRZHU
functioned as a thriving community for a
number of years beginning in 2007 when
LWZDVÀUVWRFFXSLHGXQWLOZKHQSROLFH
HYLFWHGWKHUHVLGHQWV$VRIQRZWKHXVDJH
RIWKHEXLOGLQJLVFXUUHQWO\XSIRUGHEDWH
>@>@
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7RSULJKWLPDJHE\DXWKRU
$OO RWKHU LPDJHV IURP %ULOOHPERXUJ $OIUHGR DQG +XEHUW
.OXPSQHU7RUUH'DYLG=XULFK6ZLW]HUODQG/DUV0XOOHU

7RUUH'DYLG

Caracas

23

7RUUH'DYLG

The diagram to the bottom right by
8UEDQ7KLQN7DQNVKRZVWKHORFDWLRQRI
various residential and non-residential
SURJUDPVZLWKLQWKHWRZHU7KHPDMRULW\
of stores which opened were grocery and
FRQYHQLHQFHVW\OHVWRUHV2WKHUSURJUDPV
which were added were workshops
DQGPDQXIDFWXULQJVSDFHV'XHWRWKH
XQÀQLVKHGQDWXUHRIWKHEXLOGLQJWKHUH
were no elevators for residents to use,
PDNLQJLWLQFUHDVLQJO\GLFXOWWROLYH
KLJKHUXS7KHUHVLGHQWVZHUHDEOHWR
XVHPRWRUF\FOHVWRJHWXSWRWKHÀUVW
ÁRRUVGXHWRDQDGMRLQLQJSDUNLQJ
JDUDJHEXWWKHUHPDLQLQJÁRRUVZHUHRQO\
DFFHVVLEOHE\VWDLU/HVVDEOHUHVLGHQWVOLNH
the elderly and handicapped usually took
up residences near the bottom, with able
SHRSOHOLYLQJKLJKHUXS>@
The total population living informally in the
EXLOGLQJZDVDWLWVSHDNRFFXSDWLRQ
Its occupation began with the housing
crisis in Caracas, where there is a shortage
RIDQHVWLPDWHGXQLWV7KHEXLOGLQJ
ZDVRQO\RFFXSLHGXSWRWKHWKÁRRUGXH
to issues with getting water high enough
XSDQGJHQHUDODFFHVVLELOLW\$VFDQEH
seen in the section to the far right, there
ZDVDZDWHUWDQNRQWKHWKÁRRUZKLFK
provided residents with a small, but weekly
UHVXSSOLHGUHVHUYRLURIZDWHU>@>@
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$OO LPDJHV IURP %ULOOHPERXUJ $OIUHGR DQG +XEHUW .OXPSQHU
7RUUH'DYLG=XULFK6ZLW]HUODQG/DUV0XOOHU
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Case Studies | Game Environment

In studying game environments, the
principal focus was to look at how
the computational model meets user
generation, and methods of mass
FXVWRPL]DWLRQ,QHDFKFDVHVWXG\WKHVH
attributes show up, but each one is
EHLQJRSHUDWHGRQDWDGLHUHQWVFDOH
Rust is limiting in some ways, but what
is constructed is always unique and its
FRPSOHWHO\SOD\HUGULYHQ,Q1R0DQ·V
Sky, the player has limited choices
among a mass customized set of parts or
components, and the game engine itself
draws the environment by blending a kit
RISDUWVWRPDNHXQLTXHFRQWHQW,QWKH
ÀQDOFDVHVWXG\0LQHFUDIWWKHSOD\HULV
generating content, but there is a level of
abstraction to what is created by players
due to the rendering style, as well as a
unlimited amount of resources which
LPSDFWVZKDWSHRSOHHQGXSEXLOGLQJ

7RS WR %RWWRP >)ULGD\ 'HYEORJ  ,PDJH 5867 $FFHVVHG 2FWREHU   KWWSVSOD\UXVWFRP @ >+HOOR *DPHV ´3UHVV .LWµ
1R0DQ·V6N\$FFHVVHG$SULOKWWSQRPDQVVN\FRP
SUHVVVKHHWSKS"S QRBPDQVBVN\@>0LQHFUDIW:DOOSDSHU,PDJH $FFHVVHG 2FWREHU   KWWSHXDFRPJURXSZDOOSDSHUVGHPLQHFUDIW@
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5867

Rust is a game in Alpha release created
E\)DFHSXQFK6WXGLRVLQWKH8.,WLVD
ÀUVWSHUVRQPXWLSOD\HUVXUYLYDOJDPH
in which players collect and scavenge
materials from their environment in order
WRFUHDWHYDULRXVVWUXFWXUHVDQGLWHPV
Players can attack one another and take
each others possessions, making it crucial
to build a structure which can protect what
\RX·YHPDGHDQGFROOHFWHG:KHQ\RX
ORJRXW\RXUERG\UHPDLQV´VOHHSLQJµRQ
the server, making it vulnerable to other
SOD\HUV'XHWRWKLVKRVWLOHDQGUHVRXUFH
scarce environment, players creations are
interesting to study due to their ingenuity
DQGLQIRUPDOLW\2IWHQSOD\HUVZRUN
together to protect their common interests
DQGIRUPIDFWLRQV7KHVHJURXSVFUHDWH
large structures to protect their valuables
DQGVKDUHWKHPZLWKHDFKRWKHU2WKHU
JURXSVDFWDVWUDGHUVSDFLÀVWVUDLGHUV
pretend religious orders and a variety of
RWKHUFUHDWLYHUROHV:KLOHWKHFRQWH[WLV
unlike any real-life scenario, the structures
produced often resemble aspects of
LQIRUPDOVHWWOHPHQWV>@
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5867

Once players have collected resources,
WKH\FDQFUDIWDEXLOGLQJSODQ2QFH
created, building is done through an
interface which appears on the screen
ZKHQDSODQLVDFFHVVHG,WSURYLGHVD
series of selectable options of modular
SLHFHVIRUSOD\HUVWREXLOGZLWK7KH
player decides where to begin building,
DQGWKHJURXQGPXVWEHVXFLHQWO\ÁDW
WRSODFHDIRXQGDWLRQ7KHUHLVQRJOREDO
grid system or module in the game world
ZKLFKFRQVWUXFWLRQVKDYHWRDGKHUHWR6R
once a player has set down a piece, every
subsequent piece is referring back to the
PRGXOHRIWKDWRULJLQDOSLHFH7KHPDLQ
goal when constructing is to make sure
that resources are protected by whatever is
EXLOW7RWKLVHQGDQ\LQLWLDOO\EXLOWPDWHULDO
can be upgraded four times, eventually
reaching the limit of its defensive qualities
DWUHLQIRUFHGVWHHOSDQHOLQJ8SJUDGLQJ
requires incrementally more resources with
each tier, and thus requires a great deal of
HRUWE\WKHSOD\HUPDNLQJUHVRXUFHVHYHQ
PRUHYDOXDEOH>@

stair
wall with window opening

low wall

floor deck

wall

column
triangular foundation

timber
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%RWWRP OHIW LPDJH >)ULGD\ 'HYEORJ  ,PDJH 5867 $FFHVVHG
2FWREHUKWWSVSOD\UXVWFRP@
$OORWKHULPDJHVE\DXWKRU

build foundation on stable ground

build door and second room

construct walls

windows optional

expand as needed
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5867

7KHVHDUHH[DPSOHVRISOD\HUEXLOWWRZQV
YLOODJHV7KHVHFUHDWLRQVDUHWKHSURGXFW
of random individual players getting
together into larger groups and building
WRJHWKHU7KHUHDUHQRODUJHUJRYHUQLQJ
rules by which these players are operating,
WKHDELOLW\WRVWHDORUPXUGHULVWKHVDPH
There is an interesting social aspect to
this construction, in that the players
EHQHÀWPRUHIURPEHLQJSDFNHGFORVHO\
together because of the ability to share
PDWHULDOVDQGSURWHFWHDFKRWKHU,WLVWKH
virtual game equivalent to early villages
WKURXJKRXWWKHZRUOG>@>@
Interestingly, due to the textures of the
materials in the game, there is a similar
aesthetic to that of many informal
VHWWOHPHQWV0RUHLQWHUHVWLQJO\WKRXJKLV
the spaces both intentional and residual
WKDWDUHDUHVXOWRIWKHFRQVWUXFWLRQ0DQ\
independent operators come together
ZLWKGLHUHQWJRDOVEXWVLPLODUDFFHVVWR
materials and building methods and they
KDYHFUHDWHGDFRKHVLYHFRPPXQLW\2QH
large structure which housed all of the
SOD\HUVLQYROYHGPLJKWEHOHVVVDIH7KLV
is due to the fact that none of the players
living there would have anything of their
own invested into the creation, it would
VLPSO\EHOLYLQJLQVLGHVRPHRQH·VFUHDWHG
HQYLURQPHQW,QDVHQVHSOD\HUVKDYH
something at stake and so they treat their
QHLJKERUVDVWKH\ZDQWWREHWUHDWHG>@
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MineCraft

Minecraft is a independently developed
game that has acquired a lot of attention
LQWKHSDVW\HDUV'XHWRLWVJDPHSOD\
FRQFHSWLWKDVEHFRPHDQLQÁXHQWLDO
example within game design for survival
DQGVDQGER[JDPHV,WDEVWUDFWVWKHUHDOL]H
so many other games pursue in favor of 8
ELWWH[WXUHVDQGVLPSOHFKDUDFWHUPRGHOV
The biggest element to the game that sets
it apart, is the fact that it breaks down the
game world into modular voxel blocks
ZKLFKFDQEHDOWHUHGDWZLOOE\WKHSOD\HU
7KHJDPHFDQEHSOD\HGLQWZRGLHUHQW
ways, one way is creative, where supplies
are limitless and great creations can
be built and the other is survival where
supplies are collected, and there are hostile
FUHDWXUHV,QERWKSOD\HUVKDYHPDQDJHG
to create impressive structures which take
KXQGUHGVRIKRXUVWREXLOG>@
'XHWRWKHIDFWWKDWWKHJDPHZDVLQLWLDOO\
created by a single person, Notch, the
JHQHUDWLRQRIGLHUHQWZRUOGVSOD\HUV
EXLOGLQLVFRPSXWDWLRQDO(YHU\ZRUOGLV
generated through a seed value, which is
a numeric value that guides the output of
WKHJHQHUDWLRQ(DFKYDOXHSURGXFHVWKH
same result every time that it is used to
JHQHUDWHDZRUOG>@
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$OOLPDJHVIURP´0LQHFUDIW)RUXPµ&XUVH$FFHVVHG-DQXDU\
KWWSZZZPLQHFUDIWIRUXPQHW
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MineCraft

The generation the world is done primarily
through the use of Perlin noise and Perlin
ZRUPV3HUOLQQRLVHSLFWXUHGDFURVVWKH
top right, is a gradient noise which is
RIWHQXVHGLQSURFHGXUDOGHVLJQ,WZDV
developed in 1983 by Ken Perlin in order
to improve aspects of repetitive computer
JUDSKLFV3HUOLQQRLVHDSSHDUVWREH
somewhat random, but at the same time,
DOORIWKHGDWD JUDGLHQWYDOXHV DUHDWWKH
same unit scale, and thus can be applied
HYHQO\,Q0LQHFUDIWWKLVPHWKRGLVXVHG
as a terrain generator in conjunction
with Perlin worms and a variety of other
JHQHUDWLRQPHWKRGVIRFXVHGDWVSHFLÀF
HOHPHQWV3HUOLQZRUPVDUHXVHGWRFUHDWH
cave systems in the worlds and can
interconnect providing players with dense
FDYHQHWZRUNV>@>@
0LQHFUDIWDOVRJHQHUDWHVFOLVDQG
overhangs, which do not rely on Perlin
QRLVH$GGLWLRQDOO\YLOODJHVDQGRWKHU
constructions meant for the player to
explore are placed in the map based on
DVHULHVRIORFDWLRQEDVHGSDUDPHWHUV
These elements will generate only if these
parameters are met, and will vary in
RUJDQL]DWLRQEHWZHHQFDVHV>@
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7RSOHIW81+DELWDWDQG0RMDQJXVLQJ0LQHFUDIWWRLQYROYHFLWL]HQVLQSXEOLFVSDFHGHVLJQ%ORFNE\%ORFN$FFHVVHG-DQXDU\
KWWSEORFNE\EORFNRUJ
&HQWHUOHIW3LJHRW$QWKRQ\´([SHULPHQWV3HUOLQQRLVH'DQG'
ZRUOGVµ$QWKRQ\3LJHRW/DVWPRGLÀHG-DQXDU\$FFHVVHG
-DQXDU\   KWWSDQWKRQ\SLJHRWFRPH[SHULPHQWVSHUOLQ
QRLVHGDQGGZRUOGV
5LJKWVLGH'LPSÁ(PLO\´PFREMJXLD*8,IRUPFREMD0LQHFUDIW
VDYH FRQYHUWHUµ /DVW PRGLÀHG $SULO  $FFHVVHG -DQXDU\ 
KWWSHPLO\GLPSÁFRP
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MineCraft

This project is a collaboration between
Mojang, the parent company of Minecraft,
DQG81+DELWDW7KHJRDORIWKLVSURMHFW
is to get communities around the world
to be more involved in local planning
DQGGHYHORSPHQWSURMHFWV,QWKLVSURMHFW
Minecraft is being used as a interface
between the reality of the site and the
FRPPXQLWLHVGHVLUHV0RMDQJEXLOGV
each site in Minecraft on a 1-1 scale,
modeling in similar textures and color
SDODWHV7KHQWKH\ZRUNZLWK81+DELWDW
to help residents realize their goals for
WKHFRPPXQLW\SURMHFWV$VDWRROIRU
H[SUHVVLRQ0LQHFUDIW·VHDV\LQWHUIDFHDQG
concept allow for residents to shows more
VSHFLÀFDOO\ZKDWWKH\HQYLVLRQ>@
In the left column are real world images
FRPSDUHGWRWKHLU0LQHFUDIWHTXLYDOHQWV
The realism is surprising based on the
VLPSOLÀHGJUDSKLFVLQWKHJDPH7KH
center column shows members of the
communities, both young and old,
SDUWLFLSDWLQJLQWKHGHVLJQSURMHFW
$QGÀQDOO\WKHULJKWFROXPQVKRZVWKH
redesigned park based on the residents
LQSXW>@
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,PDJHVIURP81+DELWDWDQG0RMDQJXVLQJ0LQHFUDIWWRLQYROYH
FLWL]HQVLQSXEOLFVSDFHGHVLJQ%ORFNE\%ORFN$FFHVVHG-DQXDU\
KWWSEORFNE\EORFNRUJ
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1R0DQ·V6N\

This much anticipated game is currently in
GHYHORSPHQWE\+HOOR*DPHVDQGLVVHW
WREHUHOHDVHGLQ-XQH:KDWPDNHV
this an interesting model to study is that
the entire environment is procedurally
generated, meaning that it is created
IURPDVHULHVRIDOJRULWKPV(DFKSODQHW
spaceship, and animal is created through
a series of dependent systems of code,
HDFKRQHEXLOGLQJRWKHSUHYLRXVDQG
GHSHQGLQJRQYDULDEOHVSURGXFHG)RU
example, if a planet is the right distance
from a star it might have liquid water, if it
has liquid water it might have rivers, and
so on, down to the level of aesthetics of
WKHDQLPDOVDQGSODQWVRQWKHVXUIDFH
What is interesting about these systems,
is that for the mass customization of
planetary, animal and spaceship forms,
PDWKHPDWLFDODOJRULWKPVDUHXVHG8VLQJ
the algorithmic method allows for all of
the data for each planet to be held within
WKHHTXDWLRQUDWKHUWKDQDVSHFLÀFDQG
GDWDLQWHQVLYH'PRGHO7KHJDPHHQJLQH
can simply build the model of the planet,
animals and ships based on the x,y,z
ORFDWLRQZLWKLQWKHXQLYHUVH$GGLWLRQDOO\
this allows the universe to be made up
of 16 quintillion accessible planets, which
PDNHVWKHJDPHHQYLURQPHQWLQÀQLWHWRD
KXPDQSOD\HU>@
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,PDJHV IURP +HOOR *DPHV ´3UHVV .LWµ 1R 0DQ·V 6N\ $FFHVVHG
$SULO   KWWSQRPDQVVN\FRPSUHVVVKHHWSKS"S QRB
PDQVBVN\
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1R0DQ·V6N\

The terrain of planets is essentially a
series of plotted and densely overlapped
HTXDWLRQV7KHVHHTXDWLRQVDUHGHVLJQHG
by the creators of the game to begin with
a single numeric input which will produce
DXQLTXHEXWVSHFLÀFRXWFRPH7KLVZD\
at any given moment you can compile
WKHGDWDIRUDVSHFLÀF[\]FRRUGLQDWH
DQGJHQHUDWHWKDWVSHFLÀFSRUWLRQRIWKH
XQLYHUVH7KHVWDWLFHTXDWLRQVDOORZIRU
the world to be generated exactly the
same way each time, for each planet to
EHXQLTXHLQWKHXQLYHUVH7KLVPHWKRGLV
DOVRGDWDHFLHQWVRLWORDGVUDSLGO\DQG
GRHVQ·WUHTXLUHPXFKGLVFVSDFH
'HYHORSHU6HDQ0XUUD\H[SODLQHGWKDW
in order to debug and look for graphical
errors, he has a series for simple equations
WKDWKHSOXJVLQIRUIRUPSODQHWV7KHVH
equations generate very simple geography
and make it easy to look for graphical
HUURUV3LFWXUHG WRSULJKW LVDSODQHW
generated using the equation for a sine
ZDYH\ VLQ [ 7KLVSODQHWKDVVLQHZDYH
form mountains extending over the
HQWLUHW\RILWVVXUIDFH6RHVVHQWLDOO\WKH
way that the geography is generated
for any more complex planet is by using
more complex and chaotic equations,
as well as overlapping them to create
PRUHGHQVHO\DUWLFXODWHGJHRPHWU\7KHQ
DGGLWLRQDOGHWDLOHOHPHQWV ZKLFKDUHDOVR
SURFHGXUDOO\JHQHUDWHG DUHDGGHGWRÁXVK
RXWWKHEHOLHYDELOLW\RIWKHSODQHW>@
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7RS/HIWDQG)DU5LJKWLPDJHV>+HOOR*DPHV´3UHVV.LWµ1R0DQ·V
6N\ $FFHVVHG $SULO   KWWSQRPDQVVN\FRPSUHVV
VKHHWSKS"S QRBPDQVBVN\@
$OORWKHULPDJHVSURGXFHGE\DXWKRU

discover

y(data)=f(X,Y,Z)
depart

planet coordinate
beyond LOD

(X,Y,Z) data deleted
return

y(data)=f(X,Y,Z)
still

LOD_0

LOD_1

LOD_2

LOD_3,...,X
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1R0DQ·V6N\

The method of generation for animals and
SODQWVLVGLHUHQWWKDQWKDWRISODQHWVEXW
XVHVDVVLPLODUPHWKRGRORJ\7KHSURSRUtions and variability of form and color are
FKDQJHDEOHRQVOLGLQJQXPHULFVFDOHV%\
changing the numbers for each animal
RUSODQWWKHDHVWKHWLFVFKDQJH8WLOL]ing similar equation based dependent
systems allows the developers to input a
single number and output the same aniPDOIRUPHYHU\WLPH7KLVFDQEHGRQH
ZLWKDQHDULQÀQLWHDPRXQWRIQXPEHUV
creating a huge amount of variation within
WKHHQYLURQPHQW7KHRXWSXWIURPYDULRXV
equations within the generation system is
dependent on the generated conditions of
the planet the animal or plant is on, such
DVDWPRVSKHUHWHPSHUDWXUHWHUUDLQHWF
Space ships are generated in a similar way,
EXWZLWKRXWWKHGHSHQGHQFHRQWKHSODQHW
FRQGLWLRQV SURYLGLQJHDFKSOD\HUZLWKWKHLU
RZQXQLTXHVSDFHFUDIW>@
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,PDJHVIURP>+HOOR*DPHV´3UHVV.LWµ1R0DQ·V6N\$FFHVVHG
$SULO   KWWSQRPDQVVN\FRPSUHVVVKHHWSKS"S QRB
PDQVBVN\@

45

Case Studies | Algorithmic Modeling

The case studies which were investigated
in this section were all produced by
DUFKLWHFWV,WJLYHVWKUHHH[DPSOHVRIZD\V
in which architects attempted to use
shape grammars for mass customization,
and various other methods to create
DUFKLWHFWXUDODUWLIDFWVRUSURSRVDOV7KH
+RXVLQJ$JHQF\6\VWHPLVIRFXVHGRQ
generating potential forms through mass
custiomization, while Kokkugia uses agent
based systems to generate what become
DPRUSKRXVDJJUHJDWLRQV/DVWO\095'9·V
project Vertical Village, is studies for its
attempts at creating a tool which architects
can use to model out building form based
RQVSDWLDODQGHQYLURQPHQWDOSDUDPHWHUV
In looking for a method to move forward
with in this project, these three case studies
provided examples on how architects have
approached computational tool making in
WKHSDVW
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7RSWR%RWWRP>$JJUHJDWLRQ,PDJH+$6$FFHVVHG
2FWREHUKWWSZZZDUFKLWHFWXUHUHVHDUFKODE
FRPDUOKRXVLQJDJHQF\V\VWHPKDV`
>%HKDYLRUDO 8UEDQLVP ,PDJH .RNNXJLD $FFHVVHG
2FWREHU   KWWSZZZNRNNXJLDFRPÀOWHU
UREHUWVWXDUWVPLWK%(+$9,285$/85%$1,60@
>9LOODJH0DNHU%HWD,PDJH7KH:K\)DFWRU\$FFHVVHG 2FWREHU   KWWSWKHZK\IDFWRU\FRP
RXWSXWYLOODJHPDNHUEHWD@
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+$6

This is a generative design tool developed
by the Architecture Research Lab
$OH[DQGUDDQG0LFKDHO%HUJLQ WRSURGXFH
PDVVFXVWRPL]DWLRQRIVLQJOHIDPLO\KRPHV
They argue that according to the AIA when
it comes to housing design only 28% have
DOLFHQVHGGHVLJQSURIHVVLRQDOLQYROYHG
That leaves 72% to be designed without
any major changes to the original drawings
E\WKHGHYHORSHU7KHPDVVSURGXFWLRQ
of these forms leads to standardized
communities without thinking about the
implications on the client and above all
HOLPLQDWHVWKHGHVLJQSURFHVV7KH$5/LV
EXLOGLQJRRI$XWRGHVNUHVHDUFKLQWRZKDW
WKH\FDOOD+RXVLQJ$JHQF\6\VWHP7KH
+RXVLQJ$JHQF\6\VWHPFUHDWHVLWHUDWLRQV
IURPDVSHFLÀFLQSXWIRUPXVLQJDVHULHV
of algorithms tied into site, planning and
formal strategies, construction systems,
GHWDLOV\VWHPVDQGEXLOGLQJFRPSRQHQWV
These algorithms generate custom designs
EDVHGRRIXVHULQSXWRQZKDWVSHFLÀFDOO\
WKH\ZDQW7KH\FDQYLHZDODUJHQXPEHU
RIRXWSXWVROXWLRQV ULJKW DQGSLFNRQH
ZKLFKWKH\OLNH>@
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,PDJH IURP $JJUHJDWLRQ ,PDJH +$6 $FFHVVHG 2FWREHU 
 KWWSZZZDUFKLWHFWXUHUHVHDUFKODEFRPDUO
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+$6

ARL created a model which superimposes
YDULRXVFRQÀJXUDWLRQVRIWKHEDVLFKRXVLQJ
XQLW:KDWLVLQWHUHVWLQJDERXWWKLVLVWKDWLW
LVVLPXOWDQHRXVO\VKRZLQJGLHUHQWSRVVLELOLWLHVIRUWKHEDVLFPRGHO,WSURYLGHVDQ
overview of all of the spatial arrangements
ZKLFKKDYHEHHQDQDO\]HGIRUWKLVPRGHO
The overall form does not change much in
either volume or form, but provides numerous options for a person considering
WKHPRGHO
7KHVSDWLDOHHFWRIWKLVRYHUODSEHORZLV
similar aesthetically to the forms of inforPDODGGLWLRQVLQVHWWOHPHQWV7KHLPDJHWR
the right shows the Mississippi river over a
SHULRGRI\HDUV7KHVXSHULPSRVLWLRQ
of the path of the river allows the viewer to
better understand the nature and impact
RIWKHULYHURQWKHVXUURXQGLQJODQG0DSping the changes to an informal settlement
over time, using a method which looks
JUDSKLFDOO\VLPLODUWR$5/·VFRXOGSURvide insight into the nature of settlement
JURZWK$GGLWLRQDOO\LWFRXOGEHXVHGLQD
PHWKRGVLPLODUWR$5/·VWRSURYLGHSRVVLEOH
LWHUDWLRQVRIVHWWOHPHQWJURZWKEDVHGRRI
DK\SRWKHWLFDOIRUPDORULJLQ>@
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/HIW >)LVN +DUROG ´7KH $OOXYLDO 9DOOH\ RI WKH 0LVVLVVLSSL 5LYHUµ
0DS$FFHVVHG-DQXDU\KWWSZZZUDGLFDOFDUWRJUDSK\
QHWLQGH[KWPO"ÀVN@
7RS5LJKW>$JJUHJDWLRQ,PDJH+$6$FFHVVHG2FWREHU
KWWSZZZDUFKLWHFWXUHUHVHDUFKODEFRPDUOKRXVLQJ
DJHQF\V\VWHPKDV@
%RWWRP5LJKW>/DQFLDQL5RGROIR´)RUPD8UELV5RPDHµ0DS$FFHVVHG -DQXDU\   KWWSVLJKWVVHLQGDOGNVLJKWB/DQFLDQLB)RUPDB8UELVB5RPDHKWPO@
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+$6

7KHYDULDWLRQVSURGXFHGIURPWKH+RXVLQJ
Agency System start with a single base
and operate on one aspect of the form at
DWLPH:KHQORRNLQJDW.RZORRQZDOOHG
city, which was a high density informal
VHWWOHPHQWEXLOWRXWVLGH+RQJ.RQJWKHUH
DUHLGHQWLÀDEOHW\SRORJLHVRIKRXVLQJ
These typologies are variable due to the
constraints of the site, but have relatable
RULJLQV,QWKHERRN&LW\RI'DUNQHVVWKH
DXWKRU,DQ/DPERWFDWHJRUL]HGGLHUHQW
apartments based on the relation of the
VWDLUZHOOWRWKHEXLOGLQJ7KHVHVWDLU
DSDUWPHQWW\SRORJLHVGLHUEDVHGRQWKH
construction methods, and space available
DQGHYHQVKLIWIURPÁRRUWRÁRRU:KHQ
FRPSDUHGWRWKH+RXVLQJ$JHQF\6\VWHP
variations produced, there is a clear
UHODWLRQEHWZHHQWKHIRUPDORSHUDWLRQV
The possible versions of informal
operations in Kowloon walled city could
be modeled through a generative design
SURJUDPOLNHWKH+RXVLQJ$JHQF\6\VWHP
This could provide models of possible
forms on a site or model potential for
JURZWKRQDQH[LVWLQJEXLOGLQJ$VDWRRO
for development within existing informal
VHWWOHPHQWVLWFRXOGDHFLHQWZD\WRORRN
DWVSHFLÀFVLWHVDQGVHHZKDWSRVVLEOH
informal additions might be made in the
IXWXUH>@>@
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/HIWLPDJHVSURGXFHGE\DXWKRU
5LJKW >$JJUHJDWLRQ ,PDJH +$6 $FFHVVHG 2FWREHU  
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Kokkugia

The method deployed by Kokkugia in the
majority of their projects is to generate
form and organization through the use
of autonomous agents. There is focus
on decentralizing the decision making
process allowing for an emergence of
form through small actions. Their agents
KDYHVSHFLÀFDQGOLPLWHGLQWHUDFWLRQVZLWK
one another, but have similar goals. There
is an insect-like quality to their methods
and even the digital images created. Two
projects of theirs that are relevant to this
thesis are, the Swarm Urbanism, and
Behavioral Urbanism projects.
In Swarm Urbanism, there are two
autonomous agent systems working
WRJHWKHU2QHDJHQWVHWLVGHSOR\HGÀUVW
and Kokkugia describes it as operating
similarly to a termite or ant. It creates
pathways and self organizes through
stigmergic growth. The second set builds
RWKLVVFDROGFUHDWHGE\WKHÀUVWEXW
builds into more minimal and optimized
structures. The overall goal of the program
is to develop ideas about how to create
‘self-organizing urban structures.’ [14]
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pheromone route agent
seek pheromone range = 100
seek angle range = +/- 25°
max Force = 7.5
max Velocity = 8.0
wander = 0.65
in relation to stigmergic builder:
seek pheromone range = 65

negative feedback:
water edge avoidance

positive feedback mechanism
flocking coelesce to steady state

stigmergic builder agent
seek pheromone range = 200
seek angle range = +/- 55°
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max Force = 3.5
max Velocity = 4.0
wander = 0.85
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in relation to pheromone route
agent:
avoid route pheromone = 85.5

pheromone route agent
seek pheromone range = 100
stigmergic builder agent
seek angle range = +/- 25°
max Force = 7.5
max Velocity = 8.0
wander = 0.65

seek pheromone range = 200
seek angle range = +/- 55°

max Force = 3.5
max Velocity = 4.0
in relation to
wander = 0.85
ao stigmergic builder:
seek pheromone range = 65
in relation to pheromone route
wwer = wewiwz s
agent:
8293 = 231093[]w23\
avoid route pheromone = 85.5
saw e2 c02cw
3292sa adae2323wegt232313
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in relation to stigmergic builder:
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stigmergic builder agent
max Velocity = 8.0
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All images from: Leach, Neil. “Swarm Urbanism.” Architectural Design 79, no. 4 (July 2009): 56-63.

3292
209812
12.2538
3292
209812
12.2538
234129
23905.2
pheromone route agent
235094
2308872
seek pheromone range = 100
seek angle range = +/- 25°

55

cluster agent

seek pheromone range = 100
seek angle range = +/- 25°

seek pheromone range = 20
seek angle range = +/- 25°

cohesion = 5.5
alignment = 0.65
seperation = 0.65

cohesion = 3.5
alignment = 2.4
seperation = 1.65

in relation to pheromone agent:
seek pheromone range = 65

in relation to pheromone agent:
seek pheromone range = 25

network agent

cluster agent

network agent

infrustructure agent

rest length = 20
dampening = 0.15

rest length = 50
dampening = 0.45

max Force = 5.5
max Velocity = 4.0
cohesion = 1.95

max Force = 5.5
max Velocity = 4.0
cohesion = 6.15

in relation to pheromone agent:
seek pheromone range = 5

in relation to pheromone agent:
seek pheromone range = 25

pheromone route agent

pheromone route agent

seek pheromone range = 40
seek angle range = +/- 25°

seek pheromone range = 35
seek angle range = +/- 15°
max Force = 1.5
max Velocity = 4.0
wander = 1.65

pheromone route agent

The image on the left is of the Swarm
Urbanism project, where it has been
superimposed on an urban site in order
to attempt to generate infrastructure
pathways. The product of this generation
seems more chaotic, but produces a
compelling set of paths and aggregations.
The swarms however seem largely
ignorant of the context, and seem to
start from a planned point and spill out
haphazardly. [14]
The second image is of the Behavioral
Urbanism project. In this project the goal
was to use ideas about cellular automata
in order to produce aggregated mega
structures within the city. There is no
program associated with these large scale
interventions, but housing seems like a
OLNHO\VFHQDULR7KHUHDUHGLHUHQWLWHUDWLRQV
of aggregation based on the various
parameters which determine the agent’s
response. These mega forms also seem to
have little to do with their context apart
from avoiding the water and site edges.
[14]

cluster agent

Kokkugia
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All images from: Leach, Neil. “Swarm Urbanism.” Architectural Design 79, no. 4 (July 2009): 56-63.

max Force = 7.5
max Velocity = 8.0
wander = 0.65
in relation to stigmergic builder:
seek pheromone range = 65

in relation to stigmergic builder:
seek pheromone range = 45
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Vertical Village

This project grew out of a semester long
design studio led by MVRDV about the
XUEDQL]DWLRQRIGLHUHQWFLWLHVLQ$VLD:KDW
the studio noticed, was that there was a
VHYHUHODFNRIDRUGDEOHKRXVLQJZLWK
many people waiting years to buy a house.
They analyzed the development of smaller
scale pockets within the city and analyzed
the qualities they maintained. The main
argument being that the village mentality
of interaction, smaller scale, local interest,
community among other things, created
an environment that would be positive to
emulate or retain when building denser
communities in emerging cities. [15]
7KHPRGHOVSURGXFHGDUHWKHLUÀUVW
analogue attempts to produce a vertical
community with village like elements.
7HDPVWUDGHGPRGHOVDQGEXLOWLQGLHUHQW
FRORUVZLWKGLHUHQWJRDOVDOOUHODWLQJ
back to the qualities of the urban village.
Later, they produced models like the one
on the bottom left, which consider the
possibility of each individual’s home having
a unique form. The idea stems from mass
customizing of housing, and to understand
it they built a Grasshopper script called
‘House Maker’ which allowed users to
customize their own house models. [15]
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$OOLPDJHVIURP0DVV:LQ\HG7KH9HUWLFDO9LOODJH
Rotterdam, Netherlands: NAi Publishers, 2012.
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Vertical Village

%XLOGLQJRWKHLGHDVWKDWZHUHVWDUWHG
in ‘House Maker’ the studio created
another script called ‘Village Maker’ for
aggregating the customized houses. This
SURJUDPWRRNLQWRDFFRXQWVSHFLÀFXVHU
GHÀQHGFRQGLWLRQVVXFKIRUPZLQGRZV
space between houses and amount of
sun. Using these parameters, the ‘Village
Maker’ would generate an aggregated
form based on the houses input. It
considered a variety of conditions and
modeled them in various colors to visualize
them. Vertical circulation was a critical
issue, it can be seen highlighted in red in
the images. The sun cone is in yellow, and
the daylight cones are in blue. The houses
themselves are in white and are wrapped
in purple structure. Each of the parameters
could be adjusted and could be modeled
ZLWKGLHUHQWLQWHQWV6WUXFWXUHIRULQVWDQFH
FRXOGEHPRGHOHGWREHOLNHDVFDROGD
tree, and a box truss system. The ability
to customize the model to the site as well
as iterate through design schemes quickly
makes this an interesting case study when
considering informal settlements. [15]
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$OOLPDJHVIURP0DVV:LQ\HG7KH9HUWLFDO9LOODJH
Rotterdam, Netherlands: NAi Publishers, 2012.
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Vertical Village

This is an array of outputs from the ‘Village
0DNHU·DQGWKHLUGLHUHQWFRPSRVLWLRQDO
elements extracted. In comparing these
schemes it becomes apparent that certain
input models of aggregation cause more
complex systems of structure, access,
view or housing organization. Unlike the
Kokkugia project this is a tool which is
taking a set of parameters (house designs)
and iterating through them to produce an
RSWLPL]HGUHVXOWIRUP:LWKLQWKLVV\VWHP
however, the structure and circulation
elements act somewhat like autonomous
agents in order to create pathways to
iterate and check. [15]
This project is designed to provide
architects or consumers with a rapid way
to iterate through project possibilities. As
a concept for a tool it is very successful
despite the fact these typologies of
FRQVWUXFWLRQKDYHLQKHUHQWÁDZV7KH
spatial analysis capabilities within this
program allow it to provide relatively
VSHFLÀFDUFKLWHFWXUDOLQVLJKWLQWRVSHFLÀF
form created by architects. [15]
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$OOLPDJHVIURP0DVV:LQ\HG7KH9HUWLFDO9LOODJH
Rotterdam, Netherlands: NAi Publishers, 2012.
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Strategy |

Moving forward from the case studies,
it was necessary to investigate informal
settlement conditons and create a kit
of parts with which to use later. Images
of settlements in South America were
selected and then modeled in 3D using
Rhino. The parts created for these models
were catalogued and then would be used
later in visualizing the generative models
produced. This also helped inform on
typical construction methods and building
practices. The materials used, as well as
forms shown here became studies in
how to represent the models that would
eventually be generated by the simulation
tool being created.

64

65

Informal Construction Methods

9’

5’
6’

Case study of construction methods for a small timber frame building with corrugated steel roof and fabric/
plastic tarp as walls.

Left Image: House shows the typical use of found materials. Photograph. MIT Energy Initiative. Accessed January 28, 2016. http://mitei.mit.edu/news/mit-architectstackle-indias-slum-problem.

9’

10’

&DVHVWXG\RIUHVLGHQWLDODQGFRPPHUFLDOEXLOGLQJPDGHRIFRQFUHWHIUDPHZLWKWHUUDFRWWDEORFNLQÀOO

Left Image: Veysseyre, Solène. Home Image. Photograph. Arch Daily. Accessed January 4, 2016. http://www.archdaily.com.br/br/625874/estudo-de-caso-as-regrastacitas-da-construcao-nas-favelas.
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10’

10’

&DVHVWXG\RISDUWLDOO\ÀQLVKHGEXLOGLQJPDGHIURPFRQFUHWHIUDPHFRQVWUXFWLRQZLWKEULFNLQÀOO

Left Image: Yerwada Slum Upgrade. Photograph. Smithsonian. October 11, 2011. Accessed January 7, 2016. http://www.designother90.org/solution/yerwada-slumupgrade/.

9’

&DVHVXG\RIUHVLGHQWLDOEXLOGLQJPDGHIURPFDVWLQSODFHFRQFUHWHZLWKVWHHOVKHHWURRÀQJFRYHULQJWKHURRI

Left Image: Favela Path Image. Photograph. Arch Daily. Accessed January 4, 2016. http://www.archdaily.com.br/br/625874/estudo-de-caso-as-regras-tacitas-daconstrucao-nas-favelas.
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Computational Methods Study|

The next step in the process was to
investigate various computational methods
of approach to the question of informal
JURZWK7KHÀYHFDVHVWXGLHGJHQHUDWLYH
programming methods were shape
grammars, genetic algorithms, agent
based systems, self organizing maps and
ÀQDOO\FHOOXODUDXWRPDWD
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Shape Grammar

$W\SHRIJHQHUDWLYHV\VWHPZKLFKFUHDWH'DQG'JHRPHWULFVKDSHVE\XWLOL]LQJDVHULHVRIVSHFLÀF´VKDSH
rules” in combination with a “generation engine.” The engine processes the rules which are transformative
RSHUDWLRQVVXFKDVERROHDQXQLRQVLQWHUVHFWLRQGLHUHQFHDVZHOODVWUDQVIRUPDWLRQVVXFKDVUHÁHFWLRQ
URWDWLRQVFDOHDQGWUDQVODWLRQWKLV7KHLQLWLDOLQSXWLVPRGLÀHGWKURXJKWKHVHWUDQVIRUPDWLRQVLQRUGHUWR
produce a new form. [16]

X distance

X, Y point of rotation and angle

Translation

Rotation

Reflection

Scaleing

new square trims existing
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heirarchy of boolean

Boolean

Genetic Algorithm

This is a method of programming which mimics the recombinant nature of genetic mutation in order to
SURGXFHQHZFRPELQDWLRQVDQGYDULHW\IURPVSHFLÀFLQSXWPRGHOV1HZO\SURGXFHGFRPELQDWLRQVDUH
WKHQDVVHVVHGEDVHGRQDEHVWÀWPRGHO PDQXDOO\RUSDUDPHWULF DQGWKHQUHFRPELQHGLIWKH\PHHWWKH
requirements, similarly to the way in which mimics the process of natural selection. They can be assigned a
´ÀWQHVVYDOXHµEDVHGRQWKHLUUHVHPEODQFHRIWKHEHVWÀWPRGHODQGUDQNHGDFFRUGLQJO\7KHÀQDORXWSXWZLOO
EHDVHWRI´RVSULQJµZKLFKDUHDOJRULWKPLFDOO\JHQHUDWHGDQGVRUWHGDFFRUGLQJWRWKHLUFRUUHODWLRQZLWK
WKHEHVWÀWPRGHO>@>@

parents
Genotypes that match
best fit parameters

generation 1

YES

YES

NO

“best fit” parameters
71

Agent Based

Modeling method based on the actions of individual objects or “agents” within the system which act
independently based on a set of criteria. Usually when making agent based models, the criteria which
GHWHUPLQHEHKDYLRUDUHVLPSOHLQRUGHUWRDYRLGFRQÁLFWDQGFKDRWLFUHVXOWV7KHDJHQWVVWDUWIURPDQRULJLQ
DQGDUHDOORZHGWRPDNHDVSHFLÀFQXPEHUGHFLVLRQVDIWHUZKLFKWKHPRGHOSURGXFHGLVDVVHVVHGEDVHG
on movement from their origins toward an emergent form. Typical modeling rules include cohesion and
VHSDUDWLRQZKHUHDJHQWVVWHHUWRZDUGVRUDZD\IURPHDFKRWKHURUDQRWKHUVSHFLÀFHOHPHQWDQGDOLJQPHQW
where agents derive their trajectory from the average of their neighbors. [14]
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Cohesion

Separation

Allignment

Particle Avoidance

Self Organizing Maps

$VDW\SHRIXQVXSHUYLVHGOHDUQLQJ620VDUHFODVVLÀHGDVDUWLÀFLDOQHXUDOQHWZRUNVLQSURJUDPPLQJWKH\
are typically used to take multi-dimensional data (x, y, z... R, G, B...) and represent it in lower dimensions.
Usually colors are used for data because of the fact that they carry 3 values if assessed on an RGB scale.
And the location is addressed by the x, y coordinate. The individual neuron’s within the system randomly
select a sample, then move to the best matching coordinate, scale the neighboring neuron locations and
increase the weight of the neuron (resistance to movement/scaling). This is repeated often more than 1000
times. [19]

/HIW*HUPDQR7RP´6HOI2UJDQL]LQJ0DSVµ:RUFKHVWHU3RO\WHFKQLF,QVWLWXWH/DVWPRGLÀHG0DUFK$FFHVVHG'HFHPEHU
http://davis.wpi.edu/~matt/courses/soms/.
5LJKWµ6HOIRUJDQL]LQJPDSµ:LNLSHGLD/DVWPRGLÀHG-XQH$FFHVVHG'HFHPEHUKWWSVHQZLNLSHGLDRUJZLNL6HOIRUJDQL]LQJBPDS
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Cellular Automata

Cellular automata (or CA) are a method of modeling generative growth through 1D, 2D or 3D environments.
The growth of a CA is determined by a ruleset, which looks at the context and causes an action based on
what is observed. CA’s were frst developed in the 1950’s by Stanislaw Ulam and John von Neumann as a
method of understanding growth of crystals and possible systems of self replication respectively. Since
then, models have expanded from bi-state to multi-state and from one dimensional to two and three
dimensional. [20]
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/HIW VLGH LPDJHV :HLVVWHLQ (ULF : &HOOXODU $XWRPDWRQ )URP
0DWK:RUOG$ :ROIUDP :HE 5HVRXUFH KWWSPDWKZRUOGZROfram.com/CellularAutomaton.html

In order to implement the rules on the cells that are laid out, the state of each cell in the neighborhood has
to be assessed. For the purposes of this project, a 2D CA was used due to its simulation capability as well as
ease of writing rules for the CA. [20]
Code example for 2D CA:
check(grid, c - 1, r - 1)
check(grid, c, r - 1)
check(grid, c + 1, r - 1)

1

1D Cellular Automata

2

check(grid, c - 1, r)
skip (c, r)
check(grid, c + 1, r)

3

(a)

check(grid, c -1, r + 1)
check(grid, c, r + 1)
check(grid, c + 1, r +1)

c-1

c

2D Cellular Automata

r-1
r

c+1

(c, r)

r+1
Z+

1

Z
1
X

Y+

1

Y

Y-

3D Cellular Automata

1

Z-

X-

X+

1

1
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Cellular Automata

The 2D CA works by assessing the
neighborhood and state of each cell in a
grid. This CA was written to move left to
right across the grid, row by row. Each time
it checks the state of the cell and compares
it to the dictated rules. Each time the CA
reaches the end of the grid, it increments
the generation count by 1. Also, as the cells
are being changed, a cell that is changed
to the left of one cell does not change
how that cell is assessed. The state of each
cell is being assessed based on a static
image of all of the cells at the end of the
SUHYLRXVJHQHUDWLRQ,QHHFWDOOFHOOVDUH
being assessed before any actions are
being taken, only upon reaching the end
of the generation are the cells changing.
What this does, is prevent the CA from
becoming trapped in loops or creating
hierarchy for construction based on the
order in which it is assessing cells. This
provides a much better ability to control
WKH&$·VPRGLÀFDWLRQVWRWKHEDVHLPDJHDV
the ruleset creator. [20]
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Return to Cidade de Deus | Minha Casa Minha Vida

Finally, after choosing a CA to begin
development, the focus for implementation
shifts back to Cidade de Deus in a way.
Currently the Brazilian government has a
program called Minha Casa Minha Vida,
translating to My House My Life. This
program uses essentially the same model
for housing that was used nearly 60 years
ago in Cidade de Deus. The recurring
LPSOHPHQWDWLRQRIVXFKDVLPSOLÀHGPRGHO
for government housing is a result of
both a lack of architect involvement as
well as corruption within the construction
industry. For the government, the houses
are being provided cheaply, but with
a change in masterplanning this type
of development could be rethought in
order to “maximize return on investment.”
By saying maximizing return, what is
implied is that with the understanding
from the beginning that the houses will
be informally expanded, the planning
VKRXOGFKDQJHWRUHÁHFWWKDW$QGLW
that happens it can be expected that the
JURZWKZKLFKKDSSHQVFDQEHLQÁXHQFHG
as well as encouraged as a way of having
residents add value to the development
over time. In the long run, Cidade de Deus
is envisioned as an example of successful
development in that the city which began
as a slum, expanded to hold three times
the density of people, and the value of the
properties became equivalent to a lower
middle class neighborhood. [21]
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Images from: "Minha Casa Minha Vida." Caixa. Accessed December 9, 2016. http://www.caixa.gov.br/voce/habitacao/minha-casaminha-vida/Paginas/default.aspx.
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Translation to CA

The translation of the Cidade de
Deus housing model into a CA was
straightforward. The CA requires an
input image to begin operating on, and
so the house plan was abstracted into a
png image and distances became pixel
dimensions. It was translated at two
GLHUHQWVFDOHVWKHÀUVWZDVZKHUHSL[HO
in the image was equal to .2 meters,
and the second translated to 1 pixel to
.1 meters. This allowed for testing at two
GLHUHQWVFDOHVDVUXOHVZHUHGHYHORSHG,Q
some cases, the scale of the input image
changed how the CA would operate, and
the goal was to make rulesets which could
be applied to a number of inputs. In these
LPDJHVWKHZDOOVEHFDPHEORFNVÀOOHGZLWK
EODFNLQWHULRUÁRRUVSDFHEHFDPHUHGDQG
windows became yellow. This provided an
easy way to distinguish as well as denote
locations within the input image. A third
image (on the bottom left) became a very
basic testing condition.
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7KHÀUVWLPSRUWLPDJHLVDEDVLF
DQGVFDOHOHVVPRGHORIDVPDOO
URRPEXLOGLQJ,WFRQWDLQVDOO
RIWKHFRPSRQHQWVRIWKHPRUH
GHWDLOHGYHUVLRQVKRZHYHU

7KHVHFRQGLPSRUWLPDJHLVD
VFDOHGPRGHORIWKH&LGDGHGH
'HXVJRYHUQPHQWKRXVLQJDW
VTXDUHHTXDOVPHWHUVVTXDUH

7KHWKLUGLPSRUWLPDJHLVDVFDOHG
PRGHORIWKH&LGDGHGH'HXV
JRYHUQPHQWKRXVLQJDWVTXDUH
HTXDOVPHWHUVVTXDUH
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%L6WDWH&$

7REHJLQZRUNLQJZLWK&$·VWKHÀUVWVWHS
ZDVWRFUHDWHDUXOHVHWIRUD%L6WDWH
&$7KLVW\SHRI&$RQO\KDGWZRFHOO
W\SHVGHDGDOLYHRUZKLWHEODFN7KLVLV
WKHÀUVWUXOHVHWFUHDWHGDQGHVVHQWLDOO\
LWLGHQWLÀHVDZDOORUWKHMRLQLQJRIWZR
OLQHVSHUSHQGLFXODUO\)URPWKHUHLW
EHJLQVPRGLI\LQJWKHFRQQHFWLRQLQRUGHU
WRSURGXFHDVWDUWRIDQHZZDOO7KLV
EXGGLQJLVEDVHGRQFUHDWLQJSDWWHUQVLQ
WKHQHLJKERUKRRGWKDWFDQEHGLFWDWHG
LQWKH&$UXOHVHW7KHUXOHVWKHPVHOYHV
DUHDGHSHQGHQWV\VWHPPHDQLQJWKDW
RQHEXLOGVRWKHQH[WDQGZLWKRXWDQ\
JLYHQUXOHWKH&$ZRXOGQRWSURJUHVV
SDVWWKDWSRLQW7KHFKDOOHQJHZLWKWKLVLV
WKDWLWEHFRPHVGLFXOWWRFKDQJHUXOHV
FUHDWHGHDUO\RQZLWKRXWEUHDNLQJWKH
LQWHQGHGHHFWRIWKH&$,QWKLVFDVHRID
%L6WDWH&$WKHUXOVHWLVYHU\VLPSOHGXH
WRWKHOLPLWDWLRQVRIFRQWUROZLWKRQO\WZR
VWDWHV6RWRDGYDQFHIURPKHUHLWEHFDPH
QHFHVVDU\WRDGGDGGLWLRQDOFHOOVWDWHV
GLHUHQWFRORUV DVZHOODVSUREDELOLW\
FRPSRQHQWVWRUXOHV
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3UREDELOLW\&$

2QHRIWKHHDUO\UXOVHWVWKDWZDVZULWHQIRU
WKHPRGHOZKLFKLQFRUSRUDWHGSUREDELOLW\
DQGPXOWLSOHVWDWHVZDVWKLVH[DPSOH
+HUHWKHJHQHUDWLRQRIZDOOVZDVEDVHG
RQWKHOLNHO\KRRGWKDWDEODFNYVUHGEORFN
ZRXOGEHSODFHG,QLWLDOO\DZDOOZRXOG
VWDUWIURPWKHHGJHRIDQH[LVWLQJRSHQLQJ
ZLQGRZRUGRRU DQGJURZXSZDUGZLWK
DHDFKWLPHRISODFLQJDEODFNEORFN
7KHUHZDVDOVRDWKDWDUHGEORFN
ZRXOGEHSODFHG,QZKLFKFDVHWKHQH[W
JHQHUDWLRQWKH&$SURFHVVHGZRXOG
DFWLYDWHDUXOHZKLFKLQGLFDWHGDEODFN
EORFNWREHSODFHGWRWKHULJKWRIWKHUHG
EORFN)URPWKHUHVXEVHTXHQWJHQHUDWLRQV
ZRXOGDGGEODFNEORFNVWRWKHULJKWZLWK
DJDLQWKHVDPHSUREDELOLW\RIDQG
IRUUHG1RZZKHQHYHUUHGEORFNV
ZHUHSODFHGLQWKLVKRUL]RQWDOGLUHFWLRQ
WKHUXOHVHWZRXOGLQGLFDWHWKHEHJLQLQJRI
JURZWKGRZQ(VVHQWLDOO\WKLVUXOHVHWZDV
FUHDWHGDVSLUDOLQJHHFWRIZDOOVJURZLQJ
RXWIURPWKHVWDUWDQGUHGLUHFWLQJEDFN
WRZDUGVWKH¶KRXVH·LQDQHRUWWRFUHDWH
URRPOLNHFRQGLWLRQV7KHUXOVHWVXFFHGHG
LQFUHDWLQJSDUWLWLRQVKRZHYHUWKHUHZDV
DODFNRIFRQWUROUHJDUGLQJWKHQXPEHU
RIURRPVDQGWKHLUIUHTXHQF\$QGWKH
ÀQDOUHVXOWVZHUHVRPHZKDWFKDRWLFDQG
DUELWUDW\+RZHYHULWZDVDODUJHVWHS
IRUZDUGLQWKLQNLQJDERXWWKHXVDJHRI
SUREDELOLW\DQGPXOWLSOHFHOOVWDWHV
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FRQWLQXHVJURZWKGRZQIURPEODFNEORFNV
5XOH 

SODFHEORFNWROHIWRIUHGEORFNVRQGRZQZDUG

VWULQJ
5XOH   

LQVWLJDWHVHQGRIKRUL]RQWDOZLWKSUREDELOLW\RI

SODFLQJUHGEORFN
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10-State Probability CA

Rules to create wall with probability
This CA begins to utilize more cell states
in order to better control the CA’s output. 111111003 -- 0 (100%)
Each color can now be coordinated with a 111111101 -- 0 (90%), 2 (10%)
VSHFLÀFFKDQJHLQGLUHFWLRQ6RIRULQVWDQFH 111111001 -- 0 (100%)
in this case, vertical growth is still stopped 111112110 -- 0 (100%)
111110111 -- 0 (95%), 3 (5%)
by placing a red block. But when the CA
130111111 -- 0 (100%)
EHJLQVEXLOGLQJOHIWWKHSODFHPHQWRID
101111111 -- 0 (100%)
yellow block dictates that the CA stops
EXLOGLQJOHIW%XWLQHDFKRIWKHVHFDVHV
both red and yellow, there was a 10% and 5XOHVWRFUHDWHHYHQEOXHÀOO
002110110 -- 4 (100%)
FKDQJHUHVSHFWLYHO\RIHDFKEHLQJ
000114111 -- 4 (100%)
SODFHG7KHHHFWLVWREHJLQFUHDWLQJ
GLHUHQWVL]HGVSDFHVZKLFKEXLOGRWKH 444111111 -- 4 (100%)
LQSXWLPDJH7KLVZDVDOVRWKHÀUVWDWWHPSW 444414111 -- 4 (100%)
WRZULWHUXOHVZKLFKZRXOGFUHDWHDÀOOIRU 441411111 -- 4 (100%)
144114111 -- 4 (100%)
a space created by the CA. In order to
444414414 -- 4 (100%)
FUHDWHDÀOOGLHUHQWUXOHVQHHGHGWR
444114114 -- 4 (100%)
EHZULWWHQLQVSHFLÀFRUGHU%XWZLWKWKLV
FDPHWKHFRQFHSWRISUREDELOLW\GLFWDWLQJ 444414114 -- 4 (100%)
444114111 -- 4 (100%)
GLHUHQWFRORUÀOOVIRUZDOOHGVSDFHV
440410410 -- 4 (100%)
created with the CA rules.
440410110 -- 4 (100%)
At this point, the CA also was limited to
EXLOGLQJRQO\XSZDUGWRWKHOHIWDQGGRZQ 440110000 -- 4 (100%)
This was very limited and growth was only 444114000 -- 4 (100%)
444114100 -- 4 (100%)
RFFXUULQJRQWKHWRSHGJHRIWKHLQSXW
300014011 -- 4 (100%)
image. And so at this point the images
300014014 -- 4 (100%)
SURGXFHGZHUHQRWUHÁHFWLQJDFFXUDWH
044014014 -- 4 (100%)
comparisons to real world conditions.
044014114 -- 4 (100%)
101111000 -- 4 (100%)
440110110 -- 4 (100%)
444114300 -- 4 (100%)
444114330 -- 4 (100%)
444114333 -- 4 (100%)
444114033 -- 4 (100%)
444114003 -- 4 (100%)
044014011 -- 4 (100%)
044014000 -- 4 (100%)
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10-State Probability CA

2QRIWKHODWHULWHUDWLRQVEHFDPHOLNH
this, where now once walled spaces are
EHLQJPDGHWKH\FDQEHÀOOHGZLWKWKUHH
GLHUHQWSRVVLEOHFHOOVWDWHV FRORUV 7KH
ZDOOVDUHDOVRDEOHWREXLOGRPRUHDUHDV
RIWKHEDVHLPDJHDVZHOO1RZFRUQHUV
and window/door openings are all points
ZKHUHDZDOOFDQEHJLQ7KLVLVWRUHÁHFW
WKHOLNHO\SRLQWVRIJURZWKDFFRUGLQJWR
observed architectural phenomena. The
GLHUHQWFRORUVWKDWDUHEHLQJXVHGWRÀOO
VSDFHFDQUHÁHFWGLHUHQWSURJUDPVRU
PDWHULDOVIRUWKRVHVSDFHV'HSHQGLQJRQ
how the CA is desired to be used, material
FRXOGJLYHDXVHIXOPRGHORIPDWHULDO
usage throughout the settlement. The
issue again, is that the CA is only building
IURPWKHWRSRIWKHLQSXWLPDJH:KLFK
ZDVSUHGRPLQDQWO\DQHRUWWRPDNHLW
easier to write the ruleset. By only building
RWKHWRSWKHUXOHVHWIRUGRZQZDUG
construction and construction towards the
right were excluded. However this doesn’t
UHÁHFWREVHUYHGDUFKLWHFWXUDOFRQGLWLRQV

111111300,0 1
111111101,0 .9;2 .1
111111001,0 1
111112110,0 1
111110111,0 .95;3 .05
130111111,0 1
101111111,0 1
002110110,4 .3;5 .3;7 .4
000114111,4 1
444111111,4 1
444414111,4 1
441411111,4 1
144114111,4 1
444414414,4 1
444114114,4 1
444414114,4 1
444114111,4 1
440410410,4 1
440410110,4 1
440110000,4 1
444114000,4 1
444114100,4 1
300014011,4 1
300014014,4 1
044014014,4 1
1RWH7KHUXOHVWRWKHULJKWDUH
044014114,4 1
written as they are interpreted in the
101111000,0 1
3URFHVVLQJVFULSW7KHÀUVWGLJLWVDUHWKH 440110110,4 1
QHLJKERUKRRGFRQGLWLRQVIROORZHGE\D
444114300,4 1
comma, the new cell state being dictated, 444114330,4 1
DQGWKHSUREDELOLW\  FKDQJHUDWH 444114333,4 1
 FKDQFHHWF
444114033,4 1
444114003,4 1
044014011,4 1
044014000,4 1
000115111,5 1
555111111,5 1
555515111,5 1
551511111,5 1
155115111,5 1
555515515,5 1
555115115,5 1
555515115,5 1
88

555115111,5 1
550510510,5 1
550510110,5 1
550110000,5 1
555115000,5 1
555115100,5 1
300015011,5 1
300015015,5 1
055015015,5 1
055015115,5 1
101111000,0 1
550110110,5 1
555115300,5 1
555115330,5 1
555115333,5 1
555115033,5 1
555115003,5 1
055015011,5 1
055015000,5 1
000117111,7 1
777111111,7 1
777717111,7 1
771711111,7 1
177117111,7 1
777717717,7 1
777117117,7 1
777717117,7 1
777117111,7 1
770710710,7 1
770710110,7 1
770110000,7 1
777117000,7 1
777117100,7 1
300017011,7 1
300017017,7 1
077017017,7 1
077017117,7 1
101111000,0 1
770110110,7 1
777117300,7 1
777117330,7 1
777117333,7 1
...



10-State Probability CA

7KLVVKRZVJHQHUDWLRQVRIWKH&$UXQQLQJIRUDPHWHUVTVFDOHGKRXVH(DFKJHQHUDWLRQEXLOGVRWKH
next, and the growth happens block by block.




10-State Probability CA

7KHVHDUHH[DPSOHVRIWKH&$RSHUDWLQJ
RQDVFDOHGYHUVLRQRIWKHKRXVHZKHUH
RQHSL[HOLVHTXLYDOHQWWRVTPHWHUV
These examples show the variation
SRVVLEOHZLWKWKLVPHWKRGRIJHQHUDWLYH
GHVLJQ(DFKLWHUDWLRQLVGLHUHQWEXW
EDVHGRQWKHVDPHVHWRIUXOHVDQGWKH
VDPHVHWRIGDWD7KHUHLVFOHDUO\DOHYHORI
abstraction with what is being produced.
7KHLPDJHVDUHPHDQLQJIXOLQGLYLGXDOO\DV
DPHDQVRIFKHFNLQJWKHDFFXUDF\RIWKH
ruleset but as a whole, they start to tell
PRUHDERXWWKHPHWKRGVRIDJJUHJDWLRQ
7KHUHLVDQHPHUJHQWTXDOLW\WRWKHYDOXH
RIWKHVHZKHUHWKHVXPRIHDFKSDUWLV
LQVLJQLÀFDQWFRPSDUHGWRLPSDFWRIWKH
whole.





10-State Probability CA

These CA examples are iterations where
WKHVFDOHRIWKHLQSXWLPDJHZDVRQHSL[HO
LVHTXDOWRPHWHUV&RPSDUHGWRWKH
previous page, the images produced here
VKRZPXFKVPDOOHULQIRUPDODGGLWLRQV
This is caused by scaling the input image
and leaving the rules unchanged. The
JRDOZDVWRWHVWWKHHHFWRIWKH&$DW
GLHUHQWVFDOHVDQGVHHLILWFRXOGVWLOOEH
XVHIXODWVFDOHVRWKHUWKDQVTPSHU
pixel. The result is that essentially it can
be used and whatever scale relates best
WRWKHH[SHFWHGDYHUDJHVL]HRILQIRUPDO
additions. Meaning that as a user, data on
average aggregation size must be either
IRXQGE\RUFROOHFWHGEHIRUHXVLQJWKH
CA. Or conversely, the CA can be used on
PDQ\VFDOHVRIWKHVDPHEXLOGLQJWKHUHIRUH
FUHDWLQJGLHUHQWSHUPXWDWLRQVEDVHGRQ
DYHUDJHLQIRUPDODGGLWLRQVL]HV





h shows
h
h CA growing as a 3D model.
d l A CA output was taken
k and
d then
h manually
ll 3D modeled
d l d and
d
This
the
UHQGHUHGDWGLHUHQWJHQHUDWLRQV
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10-State Probability CA

Once the CA returned useful images, it
became possible to model the buildings
and their additions using Rhino. The
plan for each was based exactly on the
CA output, and the scale depended on
the scale of the input image. Materials
were chosen based on the percentage
likely hood of occurrence. This data was
based on available data gathered on
Cidade de Deus, but where information
was unavailable, expected values were
assigned. For example, data suggested
that 39% of new construction was
being done with CMU, however limited
information was found regarding
wood, but due to climate as well as
observations of images of Cidade de
Deus it was assumed that around 12% of
new construction might be wood. These
numbers may not be completely accurate
to what is existing, but they provide
placeholders which help to check the
accuracy of the CA.
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Wall Materials:
CMU
Concrete
Fabric/Plastic
Wood

Likely hood:
39%
31%
18%
12%

Roof Materials:
Corrugated Metal
Concrete
Fabric/Plastic

61%
24%
15%

Material: Concrete
Incidence: 24%
Use: Roof

Material: Fabric/Plastic
Incidence: 18%
Use: Roof

Material: CMU
Incidence: 39%
Use: Wall
Height: 1.7 meters

Material: Concrete
Incidence: 31%
Use: Wall
Height: 2 meters

Material: Corrugated Metal
Incidence: 76%
Use: Roof

Material: Wood
Incidence: 12%
Use: Wall
Height: 1.5 meters
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10-State Probability CA

As more CA outputs were modeled,
inconsistencies with expected construction
methods were observed. Examples of
such occurrences are walls which double
EDFNRQWKHPVHOYHVZDOOVZKLFKVHDOR
windows but provide minimal additional
spaces, or walls which extend across a
IDFDGHHHFWLYHO\EORFNLQJLWLQ7KHVH
suggest that the accuracy of the CA can
EHLPSURYHGDQGWKHVHVSHFLÀFLQVWDQFHV
are things that might require writing new
UXOHVHWVWRÀ[

100

101

10-State Probability CA

$VDÀQDOVWHSLQYLVXDOL]LQJWKHRXWSXW
produced by the CA, 30 separate iterations
were overlaid and made semi-transparent
in order to see which areas were being
constructed on the most. The result is
these 2D and 3D images which display
areas of new construction in blue/greens
and walls in black. The darker the color,
or higher the elevation in 3D, the more
construction has taken place in that
location. What these images show, is that
due to the ruleset, little to no building
is going on in the bottom left corner of
the houses. This suggests that another
area of development is to write rules to
ensure that all sides are being developed
equally, or at least in accordance with
what would be expected in a given
settlement. Otherwise, these images are
starting to give a sense of where the most
construction is taking place and therefore
which areas architects should look at
designing.
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CA at the Neighborhood Scale

After using the CA to produce images
of single house aggregations, the
next step was to test this concept on
a neighborhood. The input image
constructed for this is modeled after the
plan of a single block in Cidade de Deus.
18 houses are arranged in two rows with
equal spacing in between. The images on
the left side show the CA as it builds out to
LWVÀQDOVWDWLFVWDWH$QGWKHLPDJHVWRWKH
right side show the starting condition in 3D
DVZHOODVWKHÀQDORXWSXWPRGHOHGLQ'
The settlement that was generated is only
as accurate as the single house modes
were determined to be. Producing this is in
some ways more of a proof of concept as
it is not completely accurate, but it shows
the potential for accuracy with a fully
FDOLEUDWHGDQGÀQHWXQHG&$UXOHVHW
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CA at the Neighborhood Scale

These are 2D and 3D images produced
from overlaying 30 CA outputs of the
neighborhood scheme. The goal here
is to show that while acknowledging
WKHÁDZVZLWKWKHFXUUHQWVWDWHRIWKH
CA (particularly that with the density of
growth from the bottom left side of the
houses), the CA is beginning to produce
an accurate model of how a neighborhood
might expand informally over time.
Similarly to the single house models
produced by the same method, this model
shows density of growth through opacity
in 2D and height in 3D. The 3D image is
thought of as being similar to the types
of outputs that would be generated for
architects to read in a completed version
of this software. The architect could look
at the map and identify where building
was likely to take place and then respond
accordingly.
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CA at the Neighborhood Scale

The image on the top was created from 30
output images overlaid together in black
and white. It is showing potential growth
examples layered on top of each other.
While not representing a concrete result in
terms of settlement conditions or density,
the density of the image is beginning to
suggest that the program, with the right
PRGLÀFDWLRQVFRXOGSURGXFHDRXWSXWWKDW
is very similar to the existing conditions of
the site (shown below). It also looks at the
idea of layering the outputs to produce
DGLHUHQWW\SHRIRXWFRPHZKHUHHLWKHU
PXOWLSOHÁRRUVDUHEHLQJPRGHOHGRU
GLHUHQWGHQVLWLHVRIZDOOV
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New Neighborhood Schemes

In this neighborhood scheme the plan
of the block was changed to alternate
the distance between houses and street
edge (perimeter of image). The result
ZDVDGLHUHQWGHQVLW\WKDQWKHH[LWLQJ
FRQGLWLRQVEXWWKHGLHUHQFHVDUH
hard to identify. The overall distance
between houses remained the same, so
the only change was that the informal
DJJUHJDWLRQVZHUHEHWWHUDEOHWRÀOOLQ
the spaces between the buildings. But
what is interesting about this test is that
even with minimal changes, the growth of
the settlement is being impacted by the
design of the neighborhood masterplan.
This supports the hypothesis that a tool
for architects to use for modeling informal
growth when designing these settlements
is relevant and useful.
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New Neighborhood Schemes

For this iteration of the neighborhood
scheme, the houses were clustered into
pairs. The expectation was that this would
provide areas for larger aggregations
along between pairs while still allowing for
small aggregations to happen between
each house in the pair and in the front
and back of houses. The results indicated
that this expectation was accurate in that
larger spaces were able to be generated
between pairs, but due to the rules of the
CA, it became much less likely to build
between units. This again illustrated that
by changing the masterplan scheme,
the expected results of the informal
DJJUHJDWLRQVJHQHUDWHGUHÁHFWHGWKDW7KH
success is that the program is responding
WRWKHLQSXWLQGLHUHQWZD\VDQGWKHZD\V
in which it responds are informing about
assumptions that might be incorrectly
made.
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New Neighborhood Schemes

In this iteration of the neighborhood
schemes, the clustering method was used
but in addition, the buildings were placed
along a spine. The expectation was that
WKHEXLOGLQJVZRXOGDJDLQÀOOWKHVSDFHV
between with larger volume informal
aggregations, and there would be limited
construction between the buildings. The
concept was that by leaving a spine of less
dense construction along the centerline of
the block, 20-30 years after construction
of the neighborhood, the government
could come back and add in or replace
LQIUDVWUXFWXUHHOHPHQWV&UHDWLQJDÁH[LEOH
environment both in terms of informal
additions as well as potential for future
civic improvements is important in this
type of occupant driven design. If residents
are expected and encouraged to expand
their houses, it becomes necessary to
provide needed utilities to support that
increased density. But in all likely hood
the money for providing those additional
utilities wont be provided until the need
arises.
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New Neighborhood Schemes

,QWKLVÀQDOLWHUDWLRQWKHQHLJKERUKRRG
scheme was changed to create an open
interior to the block, with two openings
placed along the edge. The expectation
was for the informal aggregation to
expand into the interior but leave
openings where the houses were omitted.
The actual result indicated that while
construction was happening towards the
middle of the block, the openings where
buildings were omitted were not always
left open. Sometimes large volumes were
produced and other times they were
VLPSO\ZDOOHGR,QDOOWKUHHRXWFRPHV
RSHQZDOOHGRUÀOOHGDGLHUHQWSURJUDP
could be envisioned in that space. In cases
ZKHUHLWLVZDOOHGRLWEHFRPHVDSULYDWH
space for the block, or a public space if
OHIWRSHQ$QGZKHQLWLVÀOOHGZLWKDODUJH
volume, that volume could be a store or
other type of programmed space which
otherwise wouldn’t have been possible
without demolishing a home in the original
government masterplans.
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New Neighborhood Schemes

Again, in these overlay images the space
being left open is very visible, and along
the bottom edge of the 2D image,
H[DPSOHVRIDODUJHÀOOHGYROXPHFDQEH
seen. Also, the 3D imaging technique
by height mapping the overlay is very
OHJLEOHLQWKLVÀQDOQHLJKERUKRRGVFKHPH
It is easy to see an architect plugging
their own scheme into the CA and
haveing it generate potential growth
patterns. On top of that, once generated,
methods of interpretation like overlay
and heightmapping become visual and
practical ways to make the CA produced
data easy to use and more descriptive.
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